Introduction
Hydantocidin (1) is a naturally occurring spironucleoside that was first isolated from the culture broth of Streptomyces hygroscopicus SANK 63584 1 and later from other strains of Streptomyces including, Tu-2474 2 and A1491. 3 Structurally, it features a spirohydantoin attached to D-ribofuranose at the anomeric position. However biologically, it exhibits potent non-selective herbicidal activities against annual weeds and perennial weeds 1 with an efficacy similar to that of glyphosate. 4 In contrast, 3 Many of the synthetic strategies for the synthesis of hydantocidin and its analogues 10, 12, 15, 19, 20 have revolved around the use of sugar derivatives to generate the desired stereochemistry of the hydroxyl groups in the furan ring. Using this strategy, hexofuranose, [21] [22] [23] [24] hexopyranose [25] [26] [27] and tetrofuranose 28 analogues have been generated. One problem associated with this strategy is that anomerization at the spiro carbon (C5) can occur during the synthesis, however, carbocyclic analogues do not suffer from this detriment. 18, 29 Other analogues of hydantocidin have involved modification of the hydantoin ring 30 and it has been shown that thiohydantocidins, where the C2 carbonyl is replaced with a thiocarbonyl, can be produced 14, 31 and used without the loss of herbicidal activity. 31 We report here a new strategy for the synthesis of carbocyclic hydantocidin (3) and its 3',4'-diepimer using a phosphine-catalysed [3+2]-cycloaddition of ethyl 2-butynoate 6a (6, X = OEt) with
N,N'-diprotected-5-methylenehydantoins (4) to generate the key spiro-heterocyclic system of these target molecules (Scheme 1). The phosphine-catalysed [3+2]-cycloaddition of ethyl buta-2,3-dienoate
or ethyl butynoate with electron-deficient alkenes has been established as a useful method for preparing substituted cyclopentenes [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] both in racemic and enantio-enriched forms. However, only a few examples of preparing spiro-heterocyclic derivatives using this method have been reported. 36, [41] [42] [43] [44] [45] Indeed, prior to our initial communication, 42 the phosphine catalysed [3+2]-cycloaddition reactions of 5-methylenehydantoins had not been described. Compound 9 and its previously unreported N,N'-diPMB analogue (10) were prepared from the base catalysed reactions of cystine hydantoin (8) 47 and the appropriate arylmethyl bromide (Scheme 2). The former compound was isolated pure after column chromatography in 83% yield while the latter in only 64% due to concomitant formation of the mono-N3-protected-5-methylenehydantoin 11 in 15% yield.
Attempts to prepare N,N'-diacetyl protected hydantoins from serine hydantoin (12) 46, 48 or Smethylcystein hydantoin (not shown) 46, 47 were not successful due to the lability of the N3-acetyl group to column chromatography, even though 1 H NMR analysis of the crude reaction mixtures showed both nitrogens had been acetylated (Scheme 2). For example, serine hydantoin 12 upon acetylation with an excess amount of acetic anhydride in DMF at 45 o C for 24 h gave, after evaporation of all volatiles, a sample that showed resonances for N,N'-diacetyl-5-methylenehydantoin, however, after column chromatography only the N1-acetyl-5-methylenehydantoin 13 could be isolated in modest yield (34%).
The position of the acetyl group in 13 was unequivocally determined by X-ray crystalographic analysis (supporting information). This structure was not unexpected considering that the N3-nitrogen is flanked by two electron-withdrawing carbonyl groups that makes the N3-acetyl more labile towards acid or base catalysed hydrolysis. 
[3+2]-Cycloaddition reactions of 5-methylenehydantoins
The results of the phosphine-catalysed [3+2]-cycloaddition reactions of the 5-methylenehydantoins 9, 10, 16 and 17 with the ylide 5 (X = OEt), that was generated in situ from the reaction of ethyl 2-butynoate 6a and tributylphosphine (TBP) are shown in Table 1 . The reaction of 5-methylenehydantoin 9 with ethyl 2-butynoate (2 equiv) and TBP (0.1 equiv.) in benzene solution at RT for 15 h gave essentially a single regioisomer (18) from 1 H NMR analysis of the crude reaction mixture. Column chromatography gave diastereomerically pure and racemic 18 in 81% yield, based on the moles of 9, along with a small amount (6%) of the tricyclic product 26 ( Table 1 , entry 1). The structure of 26 was determined from single-crystal X-ray analysis (supporting information), which showed that this compound arises from a further cycloaddition reaction on the regioisomer 19, that could not be isolated from the crude reaction mixture. An analogous tricyclic product that could be formed from the reaction of 18 with the ylide 5 (X = OEt) was not detected. The related triphenylphosphonium ylide of 5 (X = OEt) was generated in situ from ethyl buta-2,3-dienoate 49 (2 equiv) and triphenylphosphine (TPP, 0.1 equiv) and reacted with 9 to give an 80 : 20 mixture of the two regioisomers 18 and 19 that were readily separated by column chromatography ( 43 ) and ester groups they both show that the regioselectivity is better using the alkyne/TBP system rather than the allene/TPP system as a precursor to the ylide 5 or its triphenylphosphonium analogue. In our studies, the amount of 19 formed in Table 1 , entry 1, is underestimated since at least 6% of this compound is formed but reacts with excess ylide to form the tricyclic compound 26.
The related PMB analogue (10) of 9 gave a 83 : 17 mixture of regioisomeric cycloaddition products, 20
and 21, respectively ( In order to prepare enantiomerically enriched versions of these cycloadducts, the corresponding cycloadditions reactions with the chiral (1S)-camphor sultam 50 and the (4S)-benzyl-2-oxazolidinone, 50 2-butynoyl derivatives, 6b and 6c, respectively, were examined (Scheme 4 and Table 2 ). The TBPcatalysed cycloaddition reaction between 9 and the chiral (1S)-camphor sultam 2-butynoyl derivative 6b gave a single regioisomeric product (28b) ( Table 2 , entry 1) but as a 1 : 1 mixture of diastereomers. (see supporting information). In contrast, TBP catalysed cycloaddition reaction between 9 and the chiral (4S)-benzyl-2-oxazolidinone 2-butynoyl derivative 6c gave a mixture of regioisomeric products, 28c and 29c, in a ratio of 11 : 89, respectively. Surprisingly, the regioisomer 29c, a type B regioisomer, was the major product. Diastereomerically pure 29c could be obtained after purification of the crude reaction mixture by column chromatography, while 28c was isolated as a 1 : 1 mixture of diastereomers ( Table 2 , entry 2). Similar regiochemical results were obtained from the reactions of 6c
with the 5-methylenehydantoins 10 and 17 ( Table 2 , entries 3 and 4), with 31c and 33c being formed as the major regioisomers, respectively, and as single diastereomers. The reaction between 9 and the achiral analogue 6d 51 of 6c also favored the formation of regioisomer B (29d) over regioisomer A (28d) [29d : 28d = 80 : 20, Table 2 , entry 5]. Thus the reactions of 5-methylenehydantoins with the ylides generated from 6a and 6b favor regioisomeric products of the type A, while ylides derived from the 2-oxazolidinone 2-butynoyl derivatives 6c and 6d favor regioisomeric products of the type B. In the case of 6c these type B products are obtained as single diastereomers. The relatively low yields of these cycloadducts were likely due to the instability of the COX group (compare with Scheme 5). 1 H NMR on the crude reaction mixture (see discussion for details). c 17% of (4S)-benzyl-2-oxazolidinone was also isolated.
d 12% of (4S)-benzyl-2-oxazolidinone was also isolated.
The reaction of ethyl acrylate with ylide 5 (R = OEt) is known to give an 89 : 11 mixture of diethyl 3-cyclopropene-1,3-dicarboxylate and diethyl 2-cyclopropene-1,2-dicarboxylate, respectively. 41 and the sign of the rotation indicated 44 had the (R) stereochemistry.
The difference in regiochemical outcomes between the ylides generated from 6a and 6c,d with methyl acrylate, 9 and 10 suggests that electronic effects are responsible for the reversal of regiochemistry rather than steric effects. Based on steric considerations only, transition state A would be expected to be less sterically crowded and favored over transition state B for both ylides (Scheme 7). Preliminary semi-emperical calculations (AM1, PC Spartan Pro) on the ylides 5a (R = OEt) and 5d
12
(R = N-oxazolidinone) suggest that the magnitude of the FMO coefficient of the HOMO of 5d is significantly larger at the -position than that in 5a, consistent with a reversing of the observed regiochemical outcomes.
The absolute stereochemistry of the major B-type regioisomeric cycloaddition product 36, formed in Scheme 5, can be rationalized as arising from the endo-transition state C (Scheme 7). The ylide 5d The facial selectivity of these dihydroxylation reactions appears to be controlled by the ester group, with both products 47 and 48 arising from dihydroxylation from the most hindered face of the alkene moiety and syn to the ester group. Attempts to convert 49 to the target molecule by selectively reducing the ester group in this compound were thwarted due to competing reduction of the hydantoin carbonyl. For example, attempts to reduce the ester group in 49 with lithium borohydride gave the alcohol 50 in 71% yield and the diol product (structure not shown) from reduction of the hydantoin ring and the ester group. The relative stereochemistry of the compounds shown in Scheme 8 was based on the single crystal X-ray structures of 48 and 50 (supporting information). In contrast, deconjugation of 28a was highly diastereoselective and the resulting product 53 was converted to 54, the chiral, methyl ester analogue of 49 (Scheme 10). The overall yield for this process was low, presumably due to the lability of the chiral auxiliary. In conclusion, we have developed a synthesis of carbocyclic hydantocidins using a phosphine-
catalysed [3+2]-cycloaddition reaction of ethyl 2-butynoate with N,N'-dibenzyl-5-methylenehydantoin
to generate the key spiro-heterocyclic system of these target molecules. We have also demonstrated the potential of obtaining chiral versions of these molecules using chiral auxiliaries on the 2-butynoate.
Clearly other N-protecting groups on the hydantoin ring need to be investigated in the future to allow more efficient access to the final structures.
Experimental
All 1 H NMR and 13 C NMR were determined in CDCl 3 solution at 300 MHz and 75 MHz, respectively, unless otherwise noted. Compound 45 (1.14 g, 2.82 mmol) in CH 3 CN (10 mL) was added 10 % HCl (10 mL). The mixture was heated to 90 o C for 15 h before it was cooled to RT and then extracted into ethyl acetate (2 x 50 mL).
The combined organic extract was dried (MgSO 4 ) and concentrated in vacuo to give 55 as a white solid 
